The photoluminescence spectra and luminescence excitation spectra of pure microcrystalline and nano-sized ZnWO 4 as well as the Zn Ni 1− WO 4 solid solutions were studied using vacuum ultraviolet (VUV) synchrotron radiation. The samples were also characterized by x-ray powder diffraction. We found that: (i) the shape of the photoluminescence band at 2.5 eV, being due to radiative electron transitions within the [WO 6 ] 6− anions, becomes modulated by the optical absorption of Ni 2+ ions in the Zn Ni 1− WO 4 solid solutions; and (ii) no significant change in the excitation spectra of Zn 0 9 Ni 0 1 WO 4 is observed compared to pure ZnWO 4 . At the same time, a shift of the excitonic bands to smaller energies and a set of peaks, attributed to the one-electron transitions from the top of the valence band to quasi-localized states, were observed in the excitation spectrum of nano-sized ZnWO 4 .
Introduction
Sanmartinite (ZnWO 4 ) belongs to a wide group of wolframite-type tungstates having the general formula AWO 4 [1] . It is a technologically important material, which finds applications such as scintillation detectors, laser-active hosts, optical fibers, sensors, and phase-change optical recording media [2] [3] [4] [5] [6] [7] . In addition, ZnWO 4 shows highly efficient (> 50%) picosecond multiple Stokes and anti-Stokes generation when used as a Raman-active crystal in solid-state lasers, based on stimulated Raman scattering (SRS) [5, 8] . In the latter case, the strong SRS-active Raman mode at 907 cm −1 is the internal stretching W-O A g -mode in the WO 6 octahedra [5, 8] . The tuning of the mode frequency can be achieved in tungstate solid solutions. Three such systems are known based on zinc tungstate: ZnWO 4 -FeWO 4 [9] , ZnWO 4 -MnWO 4 [9] , and ZnWO 4 -NiWO 4 [10] . The latter system finds also application as a yellow ceramic pigment [10] .
The optical and luminescent properties of wolframite-type ZnWO 4 have been widely studied in the past more than once. In particular, the intrinsic luminescence band, observed at room temperature at about 2.5 eV, has been attributed to a charge transfer between oxygen and tungsten ions in the [WO 6 ] 6− anions [11] [12] [13] [14] . The contributions from defects and distorted tungsten-oxygen octahedra have been also observed [15] [16] [17] . Up to now, most fundamental studies on tungstates have been performed on single-crystal samples. In this work we present the results on nano-sized ZnWO 4 and microcrystalline Zn Ni 1− WO 4 solid solutions using vacuum ultraviolet (VUV) synchrotron radiation spectroscopy.
Experiment
Pure ZnWO 4 and the solid solutions Zn Ni 1− WO 4 ( = 0 1 − 0 9) were synthesized using a co-precipitation technique [18, 19] . All chemicals used were analytic grade reagents (purity 99%, "Reahim") without further purification. Pure ZnWO 4 was prepared by the reaction of ZnSO 4 ·7H 2 O and Na 2 WO 4 ·2H 2 O at room temperature (20°C), pH 8, and a reaction time of 1-2 hours. The water solutions of the two salts were prepared by dissolving 10 mmol of the salt in 100 ml of double-distilled water with vigorous stirring. Next they were mixed in 1:1 molar ratio, and white precipitates appeared immediately. After completion of the precipitate reaction, the precipitate was filtered off, washed several times with distilled water, and dried in air for 12 hours at 80°C thus resulting in the white-colored nano-sized ZnWO 4 powder [19] . Previous structural studies indicated that the ZnWO 4 powder as prepared has particles of size below 2 nm and a relaxed ZnWO 4 structure [19] 1 .
The nano-sized powder was next annealed in air for 4 hours at 400°C and 800°C. Annealing above 400°C results in the growth of crystallites, so that material becomes microcrystalline [19] . The samples' crystallinity and phase composition (formation of solid solution) were controlled by x-ray powder diffraction (XRD). The XRD patterns ( Fig. 1 ) were recorded at 20°C using a Bragg-Brentano powder diffractometer with a graphite monochromator in the diffracted beam to eliminate the specimen's fluorescence. A conventional tube with a copper anode (Cu K α radiation) was used as x-ray source. The measurements were performed in the angle range 2θ = 5 − 70°with the step ∆(2θ) = 0 05°. The XRD data (ICSD No. 81937) for monoclinic (P2/ ) ZnWO 4 from [20] were used for comparison. The photoluminescence spectra were measured using pulsed YAG:Nd laser excitation (4.66 eV, 8 ns) at 20°C. The excitation spectra were collected at room temperature exploiting ultraviolet (UV) and vacuum ultraviolet (VUV) synchrotron radiation (3 6 − 20 eV) emitted from the DORIS III storage ring at the SUPERLUMI station (HASYLAB DESY, Hamburg). The measurement procedure has been described in details elsewhere [21, 22] . 
Results and discussion
The XRD patterns in Fig. 1 [20] . Upon substitution of Zn 2+ by Ni 2+ ions, the positions of the Bragg peaks in the XRD patterns shift slightly in the direction of larger scattering angles for increasing nickel content due to a decrease of the lattice parameters (Table 1) . Upon increasing nickel content ( ), the variation of the parameter is small (∼ 0 01 Å), but the values of the and parameters decrease by ∼ 0 08 Å and ∼ 0 04 Å, respectively. Also the unit cell volume decreases from V = 132 4 Å 3 in ZnWO 4 to V = 129 0 Å 3 in Zn 0 1 Ni 0 9 WO 4 . The results reported in Table 1 are in agreement with that found in the literature for pure tungstates (ZnWO 4 [10, 20] and NiWO 4 [23] ) and Zn Ni 1− WO 4 solid solutions [10] . Note that the unit cell volume in NiWO 4 (V = 127 7 Å 3 ) [23] is expected to be smaller by only about 3.5% than that of ZnWO 4 (V = 132 3 Å 3 ) [20] . The phase of the Zn Ni 1− WO 4 solid solutions remains monoclinic wolframite-type, and the appearance of any other phases was not observed, in agreement with [10] . Such behaviour can be expected from the close size of Zn 2+ and Ni 2+ ions [24] and is in agreement with previous findings in [10] . Note that the Bragg peaks in the XRD patterns in Fig. 1 , for example, the three Bragg peaks (11-1), (111), and (020) located at 2θ = 31°, are slightly better resolved than in [10] . The photoluminescence spectrum of pure ZnWO 4 powder consists of a broad band, peaked at about 2.5 eV (Fig. 2) . When mixed with NiWO 4 , the Zn Ni 1− WO 4 solid solutions are readily formed, and the luminescence spectrum splits into three sub-bands, centred at ∼ 2 26 eV, ∼ 2 5 eV, and ∼ 3 0 eV. Note that the photoluminescence spectra in Fig. 2 have been normalized at the band maximum, and their intensity should not be compared. In fact, addition of nickel results in a reduction of the total photoluminescence signal. We believe that the photoluminescence in the solid solutions has origin similar to that in pure ZnWO 4 , however it is modulated by the self-absorption effect due to the presence of the Ni 2+ ions. In pure ZnWO 4 the origin of the main band at 2.5 eV has been previously assigned to radiative electron transitions within the [WO 6 ] 6− anions [11, 12] . At the same time, the band at ∼ 2 3 eV has been attributed to recombination of e-h pairs localized at oxygen-atom-deficient tungstate ions [15, 16] or distorted WO 6 octahedra [17] . The origin of the last band at 3.0 eV appearing in the solid solutions is attributed to the interference between the broad luminescence band of the WO 6 groups and the absorption band of the NiO 6 groups. The self-absorption effect is caused by the intensive transition at ∼ 2 72 eV from the ground state 3 A 2g to the excited state 3 T 1 of Ni 2+ (3d 8 ) ions [10, 25] in distorted octahedral coordination [23] .
The presence of this absorption band results in a notch at 2.7 eV in the emission band, thus making the peak at ∼ 3 0 eV more pronounced. The excitation spectra are similar for pure ZnWO 4 and 10% Ni-doped ZnWO 4 powders (Fig. 3) . They consists of a strong band at ∼ 4 0 eV having the excitonic origin [11, 12] . The intensity of the excitation spectra starts to grow in the energy region above ∼ 11 eV due to the beginning of the multiplication of electronic excitation (MEE) process [11, 12] . In this process, a secondary electron-hole (e-h) pair is created due to the inelastic scattering of a sufficiently 'hot' photoelectron, having an energy exceeding twice that of the band gap value. Further increase of the excitation energy results in deeper valence electrons starting to participate in the MEE process. Finally, when the photon energy reaches ∼ 17 eV, i.e., ≈ 2E +E V where E ≈ 4 6 − 4 9 eV is the band gap energy [11, 26, 27] , and E V ≈ 7 5 eV (Fig. 5) is the valence band width [27] , the electrons from the bottom of the valence band participate in the MEE process, and the intensity of the excitation spectra exhausts [11, 12] . Note also that the excitation spectra in Fig. 3 are weakly modulated by a fine structure giving rise to several peaks at about 6 8 9 5 12 15, and 17 eV: among these the last four peaks are better visible. These energies correlate with the one-electron transitions from the top of the valence band to the conduction band as supported by our LCAO (linear combination of atomic orbitals) calculations [27] .
The excitation spectra in nano-ZnWO 4 detected at 400 nm and 650 nm, are close to that from the crystal (Fig. 4) . However, a strong band of the excitonic origin is shifted to smaller energies below ∼ 4 0 eV, due to a decrease of the optical band gap caused by disorder [28] . The presence of local structural relaxation in nano-ZnWO 4 is confirmed by the extended x-ray absorption fine structure (EXAFS) studies 2 and is in agreement with the recent Raman and luminescence results [19] . A set of peaks observed at 6 9 12, and 16 eV in Fig. 4 is attributed to the one-electron transitions from the top of the valence band to quasi-localized states. Such interpretation is in agreement with the first principles LCAO calculations [27] of the band structure for wolframite-type ZnWO 4 (Fig. 5) . The LCAO calculations show that the valence band of ZnWO 4 , having largely O 2p character, is separated by the band gap of 4.6 eV from the bottom of conduction band, which is dominated by W 5d states [27] . Therefore, the peaks located between 5 eV and 17 eV in excitation spectra of nano-ZnWO 4 (Fig. 4) are of charge transfer type from oxygen to tungsten.
Conclusions
The luminescence spectra and luminescence excitation spectra of pure microcrystalline and nano-sized ZnWO 4 and the Zn Ni 1− WO 4 solid solutions were studied using vacuum ultraviolet (VUV) synchrotron radiation.
The addition of nickel to ZnWO 4 increases the intensity of emission at ∼ 2 3 eV due to a distortion of WO 6 octahedra. The excitation spectra are similar in pure and Zn 0 9 Ni 0 1 WO 4 powders showing strong excitonic band at ∼ 4 0 eV and the effect from multiplication of electronic excitation (MEE) process above ∼ 11 eV.
The shift of the excitonic band in the excitation spectra of nanosized ZnWO 4 is caused by the local structural relaxation. In nanosized ZnWO 4 , a number of bands is observed in the excitation spectra due to one-electron transitions from the top of the valence band to quasi-localized states.
